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2+ dissolution into the electrolyte, 6 and loss of crystalinity. 7 Due to the disproportionation reaction of Mn 3+ , Mn 2+ could form on the surface of LMO, especially in the presence of organic electrolyte solutions under high potential. 2, 5, 8 The dissolution of Mn 2+ , mainly associated with the presence of an acidic electrolyte, 9 leads to the loss of active materials, and it is considered to be the main reason to capacity fade. 10 In general, it is widely believed that the problem of LMO electrodes stems from Mn species with specific valence values that are formed through either electrochemical cycling or surface reactions. Therefore, a detailed and quantitative study of the Mn valence evolution is critical for understanding the failure mode of LMO electrodes.
Doping the LMO materials by replacing Mn with low valence cations have been studied extensively. The hope is based on the stoichiometric consideration that Mn could be maintained at the desired high valence by doping with low-valence cations, so the detrimental Mn 3+ and Mn 2+ species could be suppressed. Among the various approaches, Li-rich Li1+xMn2-xO4 (0<x<0.33), i.e., doping with Li, has been demonstrated to suppress dissolution and reduce capacity fade, but with sacrificed capacity. 2, 4, 9, 11 However, apart from general speculations based on the stoichiometry, there has been no experimental clarification on the excess Li-doping effect to explain the electrochemical performance.
In this study, we provide soft X-ray spectroscopic results for two LMO systems, Li1. Figure S1 ). It is clear that the excess Li doping in Li1.15Mn1.85O4 reduces the overall cycling capacity while greatly improving the capacity retention.
sXAS is performed at the Advanced Light Source's undulator beamline 8.0.1 of the Lawrence Berkeley National
Laboratory. Its spherical grating monochromator delivers 10 12 photons/second with linear polarization with a resolving power up to 6000 21 . The experimental resolution of the data presented in this work is 0.15 eV without considering the intrinsic corehole broadening. Mn L2,3 XAS measurements were collected at room temperature using the surface-sensitive total electron yield (TEY) mode by measuring the sample drain current with a surface probe depth of about 10 nm. All spectra have been normalized to the photon flux recorded by a clean gold mesh upstream of the experimental chamber. The raw spectra ( Fig. S2 and S3) are normalized using the conventional background edge jump of the regions well below and beyond the L3 and L2 absorption edges, respectively. For quantitative fitting, a polynomial background was fitted and subtracted from the raw spectra to emphasize the features related to oxidation states. FIG 2(a) show the Mn L3-edge sXAS results (solid lines) and the fits (dotted lines) for LiMn2O4 and Li1.15Mn1.85O4 electrodes that are electrochemically cycled to the desired state-of-charge (SOC), as marked in Fig. 1(b) and Fig. 2(b 22 the spectrum of Mn 2+ was taken from our previous study, 14 which is consistent with the other work. 23 The fitting results (dotted lines in FIG 1(a) and FIG 2(a) 1(b) and Fig 2(b) 1(a) and Fig 2(a) . In FIG 1(a) , for the LiMn2O4 electrodes, the intensity of the Mn 3+ features around 641.3eV decreases with the charge (delithiation) progress, suggesting that the Mn valence changes from Mn 3+ to Mn 4+ during the charging process. During discharge, the sXAS lineshape is reversed gradually corresponding to the lithiation level, i.e., the lineshape of 1/3 (Dis) and 2/3 (Dis) are equivalent to the 1/3 (Cha) and 2/3 (Cha), respectively.
FIG 1(a) and
Because sXAS is a surface probe, this gradual recovery of sXAS lineshape indicates that the surface oxidation state of Mn in LiMn2O4 more or less follows the general lithiation/delithiation process during the electrochemical operation. It is important to note that the contribution from Mn 3+ is dramatically higher on the fully discharged electrode surface after only one cycle, which can be easily seen by comparing the spectra of the discharged and pristine samples. This result will be discussed separately below.
Contrasting the gradual sXAS lineshape change that follows the nominal lithiation level of the LiMn2O4 electrodes, FIG   2(a) , however, displays sXAS spectra of 6 Li1.15Mn1.85O4 electrodes, from pristine to the 1/3 (Dis), with very small lineshape change. Except for the finite amount of Mn 3+ contribution around 641.3 and 640 eV, all these spectra of the 6 samples show Mn 4+ features that dominate at 640.5 and 643 eV. This strongly indicates that Mn 4+ dominates the surface of Li1.15Mn1.85O4
before the electrode is fully discharged.
The quantitative fitting of each sXAS spectrum, again, perfectly reproduces the experimental data (dotted lines in   FIG.1(a) and FIG.2(a) ), and the fitting results are plotted in FIG 1(c) and FIG 2(c) for LiMn2O4 and Li1.15Mn1.85O4
electrodes, respectively. The quantified results emphasize the aforementioned contrasts of the sXAS lineshape evolution in 5 the two systems. It can be seen that the concentrations of the Mn 3+ and Mn 4+ follow the nominal delithiation (charge) and lithiation (discharge) processes for the LiMn2O4 electrodes ( Fig. 1(c) ), while it remains relatively stable through most of the charge/discharge process for the Li1.15Mn1.85O4 electrodes before the fully discharged state (Fig.2(c) ). Such a trend of the quantitative fitting results is consistent with the overall sXAS lineshape evolution upon electrochemical cycling.
In the fully discharged stage, the lineshape of Mn 3+ starts to dominate for both the LiMn2O4 and Li1.15Mn1.85O4
electrodes. It is obvious that the concentration of Mn 3+ is much higher than that of the pristine samples (FIG 1 and FIG 2) .
Because both the pristine and fully discharged samples are expected to fully lithiated, the obviously different sXAS lineshape
shows that there are dramatic chemical and structural changes on the surface of the spinel electrodes after only one chargedischarge cycle: Mn 3+ species dominate the electrode surface at the discharged state.
The importance of Mn 3+ and the detrimental Mn 2+ on battery electrode surfaces has been extensively discussed 2, 5, 8 . In 
FIG. 3.
Mn L-edge sXAS spectra of three sets of lithiated (discharged) LiMn2O4 (black) and Li1.15Mn1.85O4 (red) samples.
